Keywords: (titanium dioxide, tungsten trioxide, heterojunction, band alignment, density functional theory, hard X-ray photoelectron spectroscopy, transient absorption spectroscopy, photocatalysis) (Abstract: Semiconductor heterojunctions are used in a wide range of applications including catalysis, sensors and solar-to-chemical energy conversion devices. These materials can spatially separate photogenerated charge across the heterojunction boundary, inhibiting recombination processes and synergistically enhance their performance beyond the individual components. In this work, we investigate the WO3/TiO2 heterojunction grown by chemical vapour deposition. This consisted of a highly nanostructured WO3 layer, of vertically aligned nanorods, that was coated then with a conformal layer of TiO2. This heterojunction showed an 2 unusual electron transfer process, where photogenerated electrons moved from the WO3 layer into TiO2. State-of-the-art hybrid density functional theory and hard X-ray photoelectron spectroscopy were used to elucidate the electronic interaction at the WO3/TiO2 interface.
unusual electron transfer process, where photogenerated electrons moved from the WO3 layer into TiO2. State-of-the-art hybrid density functional theory and hard X-ray photoelectron spectroscopy were used to elucidate the electronic interaction at the WO3/TiO2 interface.
Transient absorption spectroscopy showed that recombination was substantially reduced, extending both the lifetime and population of photogenerated charges into timescales relevant to most photocatalytic processes. This increased the photocatalytic efficiency of the material, which is among the highest ever reported for a thin film. In allying computational and experimental methods, we believe this is an ideal strategy for determining the band alignment in metal oxide heterojunction systems.)
Introduction
Heterojunction materials may benefit from charge transfer processes by coupling two semiconductors with appropriate band structures in order to drive a particular functionality.
This phenomenon has been used advantageously in photovoltaics technologies as well as in organic and dye-sensitized solar cells 1 and more recently in the field of photocatalysis, in particular for water-splitting applications.
2
In a heterojunction, the band structures of the two coupled semiconductors may align favourably so as to encourage migration of photogenerated electrons (e -) and holes (h + ) in separate directions across the heterojunction boundary. This vectorial separation reduces electron-hole recombination, and when used in photocatalytic systems, can enhance their efficiency.
3-5
The synergistic interaction between different semiconductor phases strongly depends on the synthesis method and the physical properties of the resulting materials (particle size and shape, film thickness, specific surface area, crystallinity, etc.).
5
It is important to note that a particular charge transfer direction should not be assumed solely on the grounds of band alignment. In fact, structural defects at the interface of two dissimilar phases may hamper or even reverse the expected electron transfer between them.
10
For P25, it has been generally accepted that rutile acts as an electron sink in the anatase-rutile system. 
12-14
In these systems, electron transfer from TiO2 (Ebg = 3.20 eV) to WO3 (Ebg = 2.74 eV) is often inferred from a colour change in WO3 from yellow to blue upon photo-excitation. The colour change is due to the formation of blue polarons (W
5+
) upon reduction of W 6+ ions, as evidenced by X-ray photoelectron spectroscopy (XPS).
15
This charge transfer has been widely reported 12, 14, 16 and correlates with the band alignment represented in Figure 1A . However, as we demonstrate in this work, it is possible to engineer a WO3/TiO2 system where electrons transfer from WO3 to TiO2, according to the band alignment illustrated in Figure 1B . Herein, we have developed a nanostructured WO3/TiO2 film using chemical vapour deposition methods, consisting of WO3 nanorods of monoclinic structure, highly oriented in the [002] plane, coated with a thin conformal layer of anatase TiO2. Contrary to widely reported observation, our WO3/TiO2 heterojunctions preserved their original colour and did not show any evidence of reduced tungsten species upon photoexcitation. Remarkably, our WO3/TiO2 heterojunctions showed record high photocatalytic activity in the degradation of a model organic pollutant. State-ofthe-art hybrid density functional theory (DFT), hard X-ray photoelectron spectroscopy (HAXPES) and transient absorption spectroscopy (TAS) were combined to investigate the band alignment of our WO3/TiO2 heterojunction and explain its outstanding photocatalytic activity. By allying such computational and experimental methods, we consider our approach a general strategy for determining the band alignment in metal oxide heterojunction systems. Figure 1 . Schematic illustration of two possible band alignments in the WO3/TiO2 heterojunction system. Both models are of a staggered type II alignment. In model (A), photogenerated electrons (full circles) transfer from TiO2 to WO3 and holes (empty circles) transfer from WO3 to TiO2. In the proposed model for our materials (B), a reverse charge transfer is observed.
Experimental section

Synthesis of the WO3/TiO2 heterojunction films
Details of the synthesis of the WO3/TiO2 heterojunction films as well as reference materials, WO3/C/TiO2 and P25 Evonik films, are given in Supporting Information. Briefly, the WO3/TiO2 films were produced following a two-step process using two chemical vapour deposition (CVD) methods. The WO3 nanorods were deposited using aerosol-assisted CVD from a 2:1 mixture of acetone (99%) and methanol (99.5%) dispersion (15 ml) of tungsten hexacarbonyl (W(CO)6, 0.060 g, 99%). The solution containing the precursors was moistened using an ultrasonic humidifier (Liquifog, Johnson Matthey) operating at 2 MHz. Pure tungsten trioxide (WO3) nanorods were deposited as a thin film at a set temperature of 375 ºC (the actual temperature ranged between 339−358 ºC) on quartz slides (Multi-Lab). In the optimum WO3/TiO2 heterojunction film discussed here the WO3 nanorods were ~ 650 × 60 nm (length × width). After the synthesis of the WO3 nanorods, an anatase TiO2 overlayer was deposited at 500 ºC from titanium tetrachloride (TiCl4, 99%) and ethyl acetate (C4H8O2, 99.8 %) using atmospheric-pressure CVD. Each precursor was heated in stainless steel bubblers at 70 and 40 ºC, respectively, and their flow rates set at 1.2 and 0.25 L min -1 , respectively. The precursors were mixed in a stainless steel chamber (250 ºC) before accessing the reactor. In the optimum film, the WO3 nanorods were conformally coated with a TiO2 overlayer of ~ 100 nm thickness.
Physical characterisation.
X-ray diffraction (XRD) analysis was performed using a Bruker-Axs D8 (Lynxeye XE) diffractometer. The instrument operates with a Cu X-ray source, monochromated (Kα1, 1.54 Å). The films were analysed with a glancing incident angle (θ) of 1 º. Le Bail fits were carried out using structure parameters from Joint Committee on Powder Diffraction Standards (JCPDS), using GSAS and EXPGUI software suit. Raman spectroscopy was carried out using a Renishaw 1000 spectrometer equipped with a 633 nm laser. The Raman system was calibrated using a silicon reference. UV-Visible spectroscopy was performed using a Perkin Elmer Lambda 950 UV/Vis/NIR Spectrophotometer in the 300−2500 nm range. A Labsphere reflectance standard was used as reference in the UV-Visible measurements. Scanning electron microscopy (SEM) studies were carried out using a JEOL 6301 (5 KV) and a JEOL JSM-6700F field emission instruments. High-resolution transmission electron microscopy (HRTEM) images were obtained using a high resolution TEM JEOL 2100 with a LaB6 source operating at an acceleration voltage of 200 kV. Micrographs were recorded on a Gatan Orius Charge-coupled device (CCD). The films were scrapped off the quartz substrate using a diamond pen, sonicated and suspended in methanol and drop-casted onto a 400 Cu mesh lacy carbon film grid (Agar Scientific Ltd.) for TEM analysis. Energy-dispersive X-ray spectroscopy (EDS) analysis was carried out using a JEOL JSM-6700F and secondary electron image on a Hitachi S-3400N field emission instruments (20 KV) and the Oxford software INCA. Atomic force microscopy (AFM) was conducted using a Bruker Icon system running in PeakForce Quantitative Nanomechanical PropertyMapping (QNM) mode. Bruker NCHV (etched silicon) tips were used in contact mode over a selection of 5 µm × 5 µm areas to measure the topography of the samples. X-ray photoelectron spectroscopy (XPS) was performed using a Thermo K alpha spectrometer with monochromated Al K alpha radiation, a dual beam charge compensation system and constant pass energy of 50 eV. Survey scans were collected in the range of 0−1200 eV. High resolution peaks were used for the principal peaks of Ti (2p), W (4f), O (2p) and C (1s). The peaks were modelled using sensitivity factors to calculate the film composition. The area underneath these bands is an indication of the element concentration within the region of analysis (spot size 400 µm).
Theoretical characterisation.
All calculations were performed using the Vienna Ab initio Simulation Package (VAS), [17] [18] [19] [20] a periodic plane wave density functional theory (DFT) code where the interactions between the core and valence elections are dealt with using the Project Augmented Wave (PAW) method.
21
Both the plane wave basis set and k-point sampling were checked for convergence, with a cutoff of 560 eV and k-point grid of Γ-centred 4 x 4 x 4, for the 32 atom monoclinic unit cell of WO3 found to be sufficient. Geometry optimisations were performed using the Heyd-Scuseria-Ernzerhof (HSE06) hybrid DFT functional.
22
The structures were deemed to be converged when the forces on all the atoms totalled less than 10 meV Å and laser repetition rates of 0.9 Hz was used. As the changes of reflectance observed are low (< 1%), we assume that the transient signal is directly proportional to the concentration of excited state species. The probe light source was a 100 W Bentham IL1 quartz halogen lamp. Long pass filters (Comar Instruments) between the lamp and sample were used to minimise short wavelength irradiation of the sample. Diffuse reflectance from the sample was collected by a 2" diameter, 2" focal length lens and relayed to a monochromator (Oriel Cornerstone 130) to select the probe wavelength. Time-resolved intensity data was collected with a Si photodiode (Hamamatsu S3071). Data at times faster than 3.6 ms was recorded by an oscilloscope (Tektronics DPO3012) after passing through an amplifier box (Costronics) while data slower than 3.6 ms was simultaneously recorded on a National Instrument DAQ card (NI USB-6251).
Each kinetic trace was obtained from the average of 100-200 laser pulses. Acquisitions were triggered by a photodiode (Thorlabs DET10A) exposed to laser scatter. Data was acquired and processed using home-built software written in the Labview environment.
Photocatalytic tests.
Details of the photocatalytic tests are given in Supplementary Information. A Perkin Elmer RX-I Fourier transform infrared (FTIR) spectrometer was used to monitor the degradation of stearic acid on the films under UVA irradiation. In a typical test, a thin layer of stearic was deposited onto the film using a home-made dip-coater from a 0.05 M stearic acid solution on chloroform. The number of acid molecules degraded was estimated using the conversion factor 1 cm ).
The light source was a blacklight-bulb lamp (BLB), 2×8 W (Vilber-Lourmat). The irradiance of the lamp (I = 3.15 mW cm -2 ) was measured using a UVX radiometer (UVP).
Results.
Synthesis and physical characterisation.
A range of heterojunction WO3/TiO2 thin films were deposited via a two-step process using chemical vapour deposition (CVD) methods. A high surface area WO3 host, which consisted of WO3 nanorods grown on a quartz substrate, was grown using aerosol-assisted CVD. 27 
XPS
analysis showed that the WO3 nanorods synthesised herein are sub-stoichiometric and should be considered as WO3-x, where x = 0.026, XPS results are discussed in depth below.
Subsequently these WO3 nanorods were coated with a conformal TiO2 layer using atmospheric-pressure CVD.
4
Details of this synthesis procedure are given in the experimental section and Supporting Information. A schematic figure of the TiO2 coating and corresponding cross-sectional scanning electron microscopy (SEM) images are shown in Figure 2A . The SEM studies confirmed that the microstructure of the WO3 host was preserved after coating with TiO2. The average length of the WO3 rods was estimated as ~ 650 nm, which was found to be ideal from an optical point of view as discussed below. Highresolution transmission electron microscopy (HRTEM) analysis showed that the WO3 nanorods were completely encapsulated within the TiO2 overlayer ( Figure 2B ), forming a core-shell type structure. Complementary energy-dispersive X-ray spectroscopy (EDS) analysis across the nanorods showed a maximum Ti concentration at both edges and the presence of W solely in the core, suggesting no significant W diffusion into the TiO2 layer.
These studies revealed the presence of W, Ti and O only, with no additional impurity elements. EDS showed that the WO3 nanorods were ~ 60 nm in diameter and that the TiO2 coating was ~ 100 nm thick. ) is very sensitive to the incorporation of ions within the TiO2 unit cell.
28
In our WO3/TiO2 heterojunctions there was no shift in this band, which again showed that ion diffusion had not occurred. wRp is the weighed residual of least-squares refinement. V (%) is the lattice volume expansion relative to a powder standard. τ is the average crystallite size. Numbers in parentheses represent the error on the last digit.
Optical properties.
UV-Visible spectroscopy was used to study the optical properties of the WO3/TiO2 film and its individual analogues (i.e. the WO3 nanorods before the TiO2 coating and a conventional TiO2 film deposited on a plain glass substrate). From Figure 4A , it can be inferred that the single-component TiO2 film showed the expected absorption edge of the anatase phase at ~ 380 nm. In contrast, the plain WO3 nanorods showed an absorption edge higher than expected for a WO3 film, which can be explained in terms of the synthesis method employed. It has been recently found by Ling et al. 
Hybrid density functional theory (DFT) and hard X-ray photoelectron spectroscopy (HAXPES) analyses
Further investigation from both theoretical and experimental standpoints was carried out in order to understand the electronic interaction at the WO3/TiO2 heterojunction. Density functional theory (DFT) has been widely used to ascertain the electronic band alignment between semiconductors.
32,33
The ionization potential of bulk WO3 was calculated using the slab model, 23 using hybrid density functional theory (DFT) (HSE06 functional
22
) within the VASP code. In Figure 5 , the alignment is plotted relative to the anatase TiO2 band edges as calculated previously. The HSE06 calculated ionisation potential (7.65 eV) and electron affinity (4.91 eV) for WO3 fits reasonably well with previous experimental measurements of 7.38 ± 0.11 and 4.10 ± 0.11 eV for WO3 surfaces.
34
It should be noted that our calculated ionisation potentials do not take into account the effects of interfacial strain and chemical interactions that may influence the band offset at a particular interface, however, they offer a reasonable first approximation, as demonstrated by the widespread application of Anderson's rule for estimating band offsets.
35
Our calculated alignment suggests spatial separation of holes moving into WO3 ( Figure 5 ). This idealised alignment is at variance with the commonly accepted WO3−TiO2 alignment motif in the literature. Further understanding of the electronic processes at the WO3/TiO2 interface was revealed from hard X-ray photoelectron spectroscopy (HAXPES) measurements carried out at Beamline I09 at Diamond Light Source. Figure 6A shows the valence band spectra measured from the WO3/TiO2 heterojunction film and its individual components. It is worth mentioning that no differences in the binding energy of either Ti 2p or W 4d were detected between the coated nanorods and the corresponding references (see supporting information, Figure S2A and S2B), indicating that the contact between WO3 and TiO2 does not alter the energy levels relative to the vacuum level on either side of the interface. A small band observed at ~ 0.5 eV in the WO3 layer is due to the presence of a small number of W 5+ defects, typical of WO3.
The valence band alignment across the WO3/TiO2 interface could thus be determined directly from the valence band maxima of the WO3 and TiO2 references, which were extracted from Figure 6A to be 2.85 and 3.57 eV below the Fermi level, respectively, leading to a valence band offset of 0.72 eV. Figure 6B summarises the alignment of the energy levels derived from the HAXPES data, where the conduction band offset was estimated to be 0.26 eV, using previously reported bandgaps of 2.74 and 3.2 eV for WO3 and TiO2, respectively. It can be seen that the band edge of WO3 is above that of TiO2 for both conduction and valence bands, in excellent agreement with our DFT calculations. 
Transient absorption spectroscopy
Transient absorption spectroscopy (TAS) is a form of laser flash spectroscopy that can monitor the generation, recombination, trapping, charge transfer, etc. of photogenerated charges in semiconductors.
36-38
The dynamics specific to photogenerated electrons or holes can be studied by tracking transient changes in absorbance at particular wavelengths.
39
The technique has primarily been used to study charge transfer processes in solar cells (organic-organic or inorganic-organic) 40, 41 but has also been used to study charge transfers in heterojunction photocatalysts (inorganic-inorganic) 42 as well as the kinetics of photocatalytic processes. 43, 44 In this article, our TAS measurements focused on long lived charge carriers (micro-to millisecond) whose yields and lifetimes are critical to photocatalytic function.
45
The study was carried out in diffuse reflectance mode, since the materials were highly light scattering. A comparison between the TAS measurements of our WO3/TiO2 heterojunction film and its individual analogues is shown in Figure 7A . It can be seen that 10 µs after the excitation pulse (λ = 355 nm, 1.2 mJ cm 
10,37
These chemical scavengers are typically required in the case of WO3 in order to observe charge carriers on the micro-second timescale. 
45,46
If we focus on changes in the transient absorption at 950 nm, which corresponds to photogenerated electrons, 10, 37 the rate of recombination is significantly slower within the WO3/TiO2 heterojunction compared with TiO2 ( Figure 7B) . Because of the strong overlap of charge carriers in WO3 and TiO2, our TAS studies could not reveal where the charges migrated in the heterojunction. However, our results do show that in forming a WO3/TiO2 heterojunction both the number of long-lived charge carriers and their lifetime are enhanced. The ξ values were also highly reproducible, even after storage for one year ( Figure S3 ). 
Discussion
Many research groups have investigated the interaction between WO3 and TiO2 using different synthesis methods.
12-14,50-52
Commonly, these resulted in triclinic WO3 as opposed to the monoclinic structure formed in this work, which also showed a strong preferred orientation in the [002] crystal plane. The apparent inversion of the charge carrier transfer observed in our case, with electrons moving from WO3 to TiO2, could indeed be associated with structural differences, resulting in different electronic properties that alter the interaction between the two semiconductors. For instance, Kafizas et al.
10
found that hole transfer in the anatase/ rutile TiO2 heterojunction flowed in a reverse direction to band model predictions determined by both computation and experiment, 3 which was attributed to the presence of intra-bandgap defect energy levels at the heterojunction interface. Many works reported in the literature use WO3/TiO2 composites rather than clearly defined heterojunctions.
14,51,53
Makwana et al.
16
developed cold-pressed WO3/TiO2 pellets, and found that the colour of the WO3 layer changed from yellow to blue upon radiation, resulting in the formation of reduced
species. However, our computational and HAXPES studies showed complementary evidence for a monoclinic WO3/ anatase TiO2 band alignment that favours the transfer of photogenerated electrons into TiO2 and holes into WO3 (Figures 5 and 6 ). This direction of electron transfer is supported by the fact that no colour change was observed in our WO3/TiO2 heterojunction films, even after long periods of intense ultraviolet illumination (i.e. several days at ~ 3 mW.cm
).
It is worth noting that, despite the different synthetic routes and crystal structures, the WO3/TiO2 heterojunction system has typically shown an enhancement in function compared to the individual analogues. It is also important to establish whether the enhanced activity of the WO3/TiO2 film correlates with a favourable light absorption compared to its individual components. The conventional evaluation of photocatalytic activity using formal quantum efficiencies (ξ) assumes that all incident photons are effectively absorbed by the films. Ideally, the activity should be expressed in terms of quantum yield, which considers the number of absorbed photons in this evaluation. Unfortunately, this estimation is not always straightforward, particularly when using light sources of relatively broad emission spectra. As previously mentioned, the absorption spectrum of the heterojunction film showed a band onset that was substantially red-shifted compared to those of each isolated analogue. Figure   4D highlights the absorption of this film compared to a pure TiO2 film. As indicated in the figure, it can be clearly observed that the absorption of the heterojunction film was approximately 4 times higher than that of the TiO2 film at the maximum emission wavelength of the lamp (λmax = 365 nm). While this is an important advantage for the WO3/TiO2 film, the enhancement in activity observed (14-fold with respect to TiO2) cannot be explained solely in terms of light absorption.
The efficiency of a system in heterogeneous photocatalysis is also strongly related to the specific surface area of the catalyst. Considering the surface roughness of our WO3/TiO2 film, it was important to evaluate whether the enhanced photocatalytic activity of this film could be merely attributed to an increased in surface area rather than to any electronic advantage at the heterojunction level.
5
Hence, an experiment was designed where a thin layer of carbon was sputtered over the WO3 nanorods before the deposition of the TiO2 layer in order to inhibit direct contact between the oxide phases. As observed by SEM (Figure S1 ), the resulting WO3/C/TiO2 film had a similar microstructure than that of the WO3/TiO2 film. Despite the similar morphology, the WO3/C/TiO2 film only showed a slight increase in photocatalytic activity over the pure TiO2 film ( Figure 8 ) and thus the enhanced activity of the WO3/TiO2 film was attributed mainly to a synergistic interaction between the two semiconductors.
As previously shown, this synergistic interaction was unequivocally confirmed by our TAS studies, which showed an enhanced charge carrier population and lifetime of photogenerated charge ( Figure 7 ). In terms of the lack of function observed in WO3/C/TiO2 our triple-junction, we attribute this to unfavourable band-bending at both semiconductor-metal interfaces, which forms and ohmic contact that encourages the flow of photogenerated electrons into the carbon layer (full details of our band modelling are provided in the Supplementary Information, Figure S4 ).
It is widely accepted that most photocatalytic processes on TiO2, when conducted at ambient conditions, proceed via the generation of hydroxyl and superoxide radicals (from the reaction of photogenerated charges with surface-bound water and di-oxygen species, respectively) that are highly active in the decomposition of organic species.
54
The timescales in which these processes occur have been studied using TAS, being in the microsecond and millisecond timescales for the respective formation of hydroxyl radicals and superoxide species.
55,56
Our TAS studies showed that there was a ~ 20-fold increase in the number of photogenerated electrons in our WO3/TiO2 heterojunction compared with TiO2 from the millisecond timescale -the timescale relevant to the formation of superoxide. In addition, the rate at which these charges recombined was substantially slowed, likely reducing the competition between recombination and photogeneration. An interesting question remains as to the role of photogenerated holes in our WO3/TiO2 heterojunction structure. We therefore speculate that these holes either remain within the WO3 layer and drive the formation of hydroxyl radicals at breaks in the TiO2 coating or, more likely, also migrate into the TiO2 layer through intrabandgap trap-states.
It is worth comparing the photocatalytic efficiency of our WO3/TiO2 heterojunction with the enhancements observed for different heterojunction systems and chemically modified photocatalysts. Unfortunately, a direct comparison of the photocatalytic activity with previous studies of WO3/TiO2 could not be conducted, as these studies were mainly based on changes in hydrophilicity.
12,52
There is also an inherent difficulty to compare photocatalytic materials produced by different synthetic methods and research groups. This issue was bypassed herein by comparing enhancement factors of materials synthesised in our group using the same photocatalytic test, the degradation of stearic acid (Table 3 ). This enhancement factor was estimated from activity ratios between the heterojunction (or doped) material and their corresponding best-performing single (or pure) component. For instance, the enhancement factor for the system reported by Quesada-Cabrera et al., , respectively, and thus the estimated enhancement factor is ~ 8. As observed in Table 3 , the corresponding enhancement factor of our WO3/TiO2 system is ~ 14, which is the highest enhancement ever reported, to the best of our knowledge. A more comprehensive comparison with the literature is shown in the Supporting Information (Table S1 ). Approximate enhancement factors estimated from activity ratios between the heterojunction (or chemically-modified/doped) material and the corresponding active analogue (or pure) component.
Conclusion
Nanostructured WO3/TiO2 heterojunction films were grown using chemical vapour deposition.
To the best of our knowledge, the optimised WO3/TiO2 film showed the highest enhancement in photocatalytic activity compared to its single-semiconductor analogues. The WO3/TiO2
heterojunctions showed an unusual electron transfer from WO3 to TiO2. A direct understanding of this charge transfer process was provided through both computational calculation and experiment (HAXPES and TAS).
Importantly, the WO3/TiO2 films are durable and the results observed are highly reproducible over multiple photocatalytic cycles. The methods described here represent a breakthrough in the development of photocatalytic surfaces and highlight the advantage of using a combination of key experimental and computational techniques to develop our understanding of photocatalytic heterojunction materials, and should serve as guide to future advances in the field.
Supporting Information
The Supporting Information shows in detail the synthesis of the WO3/TiO2 heterojunction, single-semiconductor analogues (WO3 and TiO2), as well two the two control samples used in this work (WO3/C/TiO2 heterojunction system and P25 Evonik film). Scanning electron microscopy images (SEM) of WO3 nanorods, WO3/TiO2 and WO3/C/TiO2 heterojunction films, as well as atomic force microscopy (AFM) images of the WO3/TiO2, are shown in Figure S1 . Hard X-ray photoelectron spectroscopy spectra of the binding energy of either Ti 2p or W 4d peaks are shown in Figure S2 . Photocatalytic degradation of stearic acid under UVA light, infrared spectra, integrated areas and sequential photocatalytic tests are shown in Figure S3 . Band bending details of the WO3/C/TiO2 heterojunction film are shown in Figure  S4 . Supporting Information is available from the Wiley Online Library or from the author. 
Evidence and effect of photogenerated charge transfer for enhanced photocatalysis in WO3/TiO2 heterojunction films: a computational and experimental study. The WO3/TiO2 heterojunction films were produced following a two-step process using two chemical vapour deposition (CVD) methods. In the synthesis of the optimised WO3/TiO2 heterojunction film, a first layer of WO3 nanorods (~ 650 × 60 nm, length × width) deposited using aerosol-assisted CVD was conformally coated with a layer of anatase TiO2 (~ 100 nm thickness) using atmospheric-pressure CVD. These methods only differ in the way the precursors are introduced in the CVD reactor, as explained below. The precursors were carried into the reactor chamber using nitrogen (N2) as an inert carrier gas (supplied by BOC).
The gases are introduced through a designed stainless steel baffle manifold in order to ensure a laminar flow in the reactor. All heating elements in the systems were controlled using Pt-Rh thermocouples. All chemicals were purchased from Sigma-Aldrich unless stated otherwise.
Aerosol-assisted chemical vapour deposition (AACVD): WO3 nanorods.
Tungsten hexacarbonyl (0.060 g) (W(CO)6, 99 %) was dissolved in 15 ml of a 2:1 mixture of acetone (99%, Emplura) and methanol (99.5%, Emplura). The solution containing the precursors was moistened using an ultrasonic humidifier (Liquifog, Johnson Matthey), operating at 2 MHz, and carried into the CVD reactor by the carrier gas. Pure tungsten trioxide (WO3) nanorods were deposited as a thin film at a set temperature of 375 °C (the actual temperature ranged between 339−358 °C) on quartz slides (Multi-Lab, 25 × 25 × 2 mm, length × width × thickness).
1
The quartz substrates were thoroughly cleaned using acetone (99 %), isopropanol (99.9 %) and distilled water and dried in air prior to use. A typical SEM image of the WO3 nanorods is shown in Figure S1A . The APCVD reactor was a cold-wall unit which consisted of a 320 mm-long heating graphite block accommodated in a quartz tube.
The graphite block had three inserted Whatman heater cartridges. The precursors were carried into the reactor chamber using pre-heated (200 °C) nitrogen (N2) as an inert carrier gas (supplied by BOC) In APCVD, the precursors are mixed in a stainless steel chamber (250 ºC) before accessing the reactor. The entire CVD rig is kept at high temperature (>200 ºC) using pipe heaters.
Under these synthesis conditions, the deposition time was strictly controlled during synthesis of the TiO2 layer (60 s) in order to achieve a conformal coating of the WO3 nanorods. As observed in Figure S1B , the deposition of the TiO2 overlayer did not alter the original microstructure of the WO3 nanorods.
1.3. Synthesis of control sample: WO3/C/TiO2 film.
The conditions described above for the WO3/TiO2 heterojunction film were reproduced with the incorporation of a thin carbon interlayer, which was sputtered over the WO3 nanorods before the deposition of the TiO2 layer. This carbon interlayer inhibited direct contact between WO3 and TiO2 phases whilst preserving the microstructure of the original WO3/TiO2 film ( Figure S1C ). This was important in order to ascertain whether the enhancement in activity observed when comparing the nanostructured WO3/TiO2 and the flat TiO2 reference was simply due to an increased specific surface area. Atomic force microscopy (AFM) measurements of the WO3 nanorods, WO3/TiO2 ( Figure S1D ) and WO3/C/TiO2 films showed surface area values of a similar order (Table 2 main text).
Synthesis of control sample: P25 Evonik film.
A commercial P25 Evonik TiO2 film was deposited on a borosilicate glass slide (75 × 25 × 1 mm, VWR International) by dip-coating into a 5 wt% aqueous dispersion, following the optimum conditions reported by Mills et al. 3 In the current work the glass slide was immersed in the dispersion for 10 s and then withdrawn at 120 mm min 2. Hard X-ray photoelectron spectroscopy analysis.
Hard X-ray photoelectron spectroscopy (HAXPES) measurements, to compliment the computational electronic processes at the WO3/TiO2 heterojunction interface, were carried out at Beamline I09 at Diamond Light Source. The valence band spectrum was measured for WO3/TiO2 heterojunction film and its individual components. It can be observed in Figure S2 that no differences in the binding energy of either Ti 2p or W 4d were detected between the heterojunction system and its corresponding single-component analogues ( Figure S2A and S2B), indicating that the contact between WO3 and TiO2 does not alter the energy levels relative to the vacuum level on either side of the interface. In a typical test, a thin layer of stearic acid was deposited onto the film using a home-made dip coater from a 0.05 M stearic acid solution in chloroform. The integrated areas of the bands were periodically estimated upon UVA irradiation. The number of acid molecules degraded was estimated using a conversion factor (1 cm ) was measured using a UVX radiometer (UVP).
It is worth comparing the photocatalytic efficiency of our WO3/TiO2 heterojunction with the enhancements observed for different heterojunction systems and chemically modified photocatalysts (Table S1 ). There is also an inherent difficulty to compare photocatalytic materials produced by different synthetic methods and research groups. This issue was bypassed here by comparing enhancement factors as estimated from activity ratios between the heterojunction (or doped) material and their corresponding best-performing single (or pure) component. For instance, the enhancement factor for the system reported by Chatchai et al.,
5
WO3/BiVO4, was calculated by taking the IPCE values at 365 nm for the heterojunction system and the most active single-component, BiVO4, these values being ~ 71 % IPCE and ~ 8 % IPCE, respectively, and thus the estimated enhancement factor is ~ 9. Approximate enhancement factors estimated from activity ratios between the heterojunction (or chemically-modified/doped) material and the corresponding active analogue (or pure) component.
Sequential photocatalytic tests were carried out under UVA irradiation in order to investigate the photo-stability of our optimised WO3/TiO2 film. After each test the sample was cleaned using chloroform under stirring conditions in order to eliminate any trace of stearic acid and a new layer of the acid was deposited for subsequent testing. As clearly highlighted in Figure   S3C , the photocatalytic performance of the WO3/TiO2 heterojunction film was reproducible, even a year after its synthesis (run 3). This observation is relevant since a crossover between number of cycles and reproducibility is often observed in thin film work due to delamination of the films. for WO3), di-electric constants (ε ~ 30 for anatase 27 and ε ~ 1000 for WO3 28, 29 ) and conduction & valence band energies were taken from this work. The density of states was simulated using AFORS-HET v2.4 software.
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The potential energies of the conduction and valence bands were taken from our computational studies, and the optical bandgaps from experiment.
